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Abstract: <span>We apply the effective field theory approach to

guasi-single field inflation, which contains an additional scalar field with

Hubble scale mass other than inflaton.&nbsp;

Based on the time-dependent spatial diffeomorphism, which is not broken

by the time-dependent background evolution, the most generic action of
guasi-single field inflation is constructed up to third order

fluctuations.&nbsp; Using the obtained action,

the effects of the additional massive scalar field on the primordial curvature
perturbations are discussed.&nbsp; In

particular, we calculate the power spectrum and discuss the momentum-dependence
of three point functions in the squeezed limit for general settings of

guasi-single field inflation.&nbsp; Our

framework can be also applied to inflation models with heavy particles. We make
a qualitative discussion on the effects of heavy particles during inflation and

that of sharp turning trajectory in our framework.</span>

Pirsa: 13030096 Page 1/61



Etfective field theory approach to
quasi-single field inflation

MASAHIDE YAMAGUCHI

(Tokvo Institute of Technology)
03/12/13 ‘aPerimeter Institute

arXiv:1211.1624. Toshitumi Noumi. MY, and Daisuke Yokoyama

Pirsa: 13030096 Page 2/61



Pirsa: 13030096

Contents

® Introduction
Basics of inflation
® quasi-single field inflation
What 1s quasi-single field inflation” Why ?
® Effective field theory of inflation
Basic 1dea of effective field theoryv of inflation
® Effective field theory approach to

quasi-single field inflation
General action

Powerspectrum. squeezed limit of bispectrum
® Discussion and conclusions

Page 3/61



Inflation

Inflation can naturally solve the problems of

the standard big bang cosmology.

® The horizon problem
® The flatness problem
® The origin of density fluctuations

® The monopole problem
o
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General prediction of inflation

® Spatially flat universe

® Almost scale invariant, adiabatic, and
Gaussian primordial density fluctuations
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General predictions of inflation

Angular scole (deg)

® Spatially flat universe i
. //‘ TT cérrelation
. I /| |
zﬁ- \-// \ | {

Qtotal & 1)

® Almost scale invariant,
adiabatic, and Gaussian
primordial density

TE correlation

fluctuations C N
Causal seed models /mli:llmtic) |
Inflation models WMAPI1

There are still rooms for |fNL| = O(10) and O(1)% isocurvature perturbations.
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Classification of inflation
® Single field inflation :

Scalar field ¢ €==» curvature perturbation ¢
(m¢ << H) (adiabatic mode)

® Multiple field inflation :

Scalar fields ¢i €==» curvature perturbation ¢
(mg¢i << H) (adiabatic mode)
+ isocurvature perturbations Sij

A number of effectively massless (m << H) fields is important.

Is this kind of classification sufficient ?
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Natural Hubble mass in supergravity

In supergravity,
V <0 ®m) SUSY breaking
(inflation)
(mediated by 21‘2“'“}’)@

- 2. ; 2,
soft breaking masses : 1, ~ V (¢ ~ H~

In supergravity, a situation naturally happens, in which there is
.h - - ’

only a light field and the masses of other fields are comparable to

the Hubble parameter.

(Note also that a non-minimal coupling R ¢ 2 leads to m ~ H)

This model is called quasi-single field inflation

(Chen & Wang 2009)
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Effects of i1socurvaton ¢ with m ~ H

Since m ~ H, the isocurvaton O can contribute to
the curvature perturbation around the horizon exit.

Adiabatic mode Isocurvaton
. mixinge
O i o
7'[- S— _ ﬂ ---------- 3 l.
q & O ° coupling
}b Tl (’)‘ ( p ?"'!)
® modify powerspectrum : ® generate large bispectrum :

We would like to investigate this kind of feature in more detail.
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Original model of quasi-single field inflation

(Chen & Wang 2009)
v 4 1 2 Ly« ‘ 1 ey ‘ ’ ,
Smatter = / d zv/—g[ — 2(!.’ + 0)<g""0,00,6 — 2;;* Ouodyo — Vsr(0) — V(o)) .
V'(eg) > O(H?).
Background (homogeneous) EONIs :
3Mp H? = 2[2293 4 VBN
R%Hn + 3R%Hég + VZ.(6) = 0.

I

on = const 0. Vilog =)= fl"-".'_‘

(Credit: Chen & Wang)

0 ¢ = 0 is the minimum of the effective potential :

A"

. H'(j ”) E
Vefr = = (R+0)°+ V(o).

Centrifugal force caused by the turning angular velocity

Due to the centrifugal force, 0 (= 0 is not a minimum of the original potential V.
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Two ditferent approaches to inflation

® Consider a model with a particular type of potential and
Kinetic term, which is well motivated by particle physics.

® Consider a quite generic action permitted by
the symmetry preserved during inflation, that is,
a time-dependent spatial diffeomorphism invariance.
Inflation spontaneously breaks time diffeomorphism inv.
(Effective field theory of inflation)

(Cheung et al. 2008)

Two approaches are complementary.
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Two different approaches to inflation

® Consider a model with a particular type of potential and
Kinetic term, which is well motivated by particle physics.

® Consider a quite generic action permitted by
the symmetry preserved during inflation, that is,
a time-dependent spatial diffeomorphism invariance.
Inflation spontaneously breaks time diffeomorphism inv.
(Effective field theory of inflation)

(Cheung et al. 2008)

Two approaches are complementary.
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Ettective field theory of inflation
(Single-field case)
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Basic 1dea of effective field theorv inflation

LY

(Cheung et al. 2008)

Inflation must end to be followed by hot big bang Universe.

¢(t) # O.
spontaneously breaks time diffeomorphism inv.

Time-dependent spatial diffeo is unbroken.
: @ i
oz’ = e'(t,z")

1 14

In the low energy effective theory, any term
respecting the unbroken symmetry is allowed.

We can investigate the properties of perturbations generated
during inflation without resort to a particular Lagrangian.
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Unitary(Comoving) gauge (single field case)
t

E— Y ()

:xl

Unitary(Comoving) gauge :

Time slice (t = const. hypersurface) coincides with
® = const. hypersurface.

= ot x) = ¢o(t) + 006k
:> The scalar field perturbation is eaten by the metric.
l:> The graviton (metric) has three degree of freedom:

Curvature perturbation ¢

Tensor perturbations 7 ij
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Unitary(Comoving) gauge (single field case)
t

E— Y ()

:xl

Unitary(Comoving) gauge :

Time slice (t = const. hypersurface) coincides with
@ = const. hypersurface.

= ot x) = ¢o(t) + 0ptk).
:> The scalar field perturbation is eaten by the metric.
l:> The graviton (metric) has three degree of freedom:

Curvature perturbation ¢

Tensor perturbations 7 ij
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Expanding around FLRW background

Fluctuations around FLRW background:

5490 = g% 4 1.
0Ky = Kuy — Hhyy,
8 Ruvpo = Ruvpo — 2(H? + k/a®)h,(,hey, + (H + H?)(hyupd283 + (3 perms)).

kinetic(2"? dot{ ¢ }?) & potential energy
of the background scalar field

® (th and Ist order in fluctuations:

| j> : '—) & &L\ —g =it o fd C\t)9 WVIE

(Terms such as 9°,° kR can be absorbed into
the above terms by integration by parts)
12 112 —'=
3MGH* = c(t) + A(¢),

HMZ = —c(t).

—
[:> 2 dals / l\ ) ] “" I:VE/‘i I "”J:"/-/-”' | \1“;},]( 3H* A H)

ariati ' e 00 Q- oij
Variation w.r.t. g% & ol
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Expanding around FLRW background

Fluctuations around FLRW background:

550 = g% 4+ 1.
0Ky = Kuy — Hhyy,
(‘;[?“pl)r'r — ]i’!”;’;(‘r s 2(112 + ’l./{f:))’f!'[’}],,"]lj + (II + 112)(}4‘!”;"‘-9’"9 _+_ (3 [)QFIT]S))

kinetic(g"? dot{ ¢ }?) & potential energy
® (th and Ist order in fluctuations: of the background scalar field

mf[_!}}.'] ; 4 l < | N0 :
| p S L) — /;/ T/ —0 "')'\/ih’-|/', (,(\/).{/ /\(/) |

(Terms such as 9°4°° kR can be absorbed into
the above terms by integration by parts)
3M3H? = ¢(t) + A(t)
Pl ’ '/

HMZ = —c(t).

—
[:> gl0)T(l) = I/' d*z\/—g ) [SR+ M5 Hg VIS (3H= + H)

)

ariati ' e 00 Q- oij
Variation w.r.t. g% & ol
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Action In unitary gauge (single field case)
Any quantities respecting the time-dependent diffeo. inv.
® 4-dim scalar
® generic function of ¢, f(t)
® ),t =, inunitary gauge, which allows
any tensor with 0 upper index (g, R%, ...)

- » o —— ag
® Extrinsic curvature : Ky = h Vony.
(All covariant derivatives of ng can be written using K » » and derivatives of g')
Oyt .
= o, - unit vector orthogonal to t =const.
\ =1 Opltdy

hpuvy = guv + nuny @ projection tensor to t =const.

Note that @&, .5 = W0 Ruvpe — Koo Kas + K3 K5, IR is redundant.

|:> S = / tfr-;.f'\ gF (g, 0up; K, Bavoa v ‘ t)

(all indices are contracted)
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Expanding around FLRW background

Fluctuations around FLRW background:

5490 = g% 4 1.
0Ky = Kuy — Hhyy,
8 Ruvpo = Ruvpo — 2(H? + k/a®)h,(,hgy, + (H + H?)(hyupd989 + (3 perms)).

kinetic(g"? dot{ ¢ }?) & potential energy
of the background scalar field

® (th and Ist order in fluctuations:

(0)4(1) " 1.5 it |
:> ) ' A — /f/ L'\ q --')'\/Eh"_[/l ('(\/)‘i/ /\(/) :

(Terms such as 5°,°C k' R°° can be absorbed into
the above terms by integration by parts)
3MZH? = c(t) + A(t)
Pl ’ (4

AMZ = —c(t).

—
:> C (1) — / \ = 1 VIR + \.H;:—‘/'/.,!. }"'::V:l(- 3H< 4+ H )

)

"ariati ' e 00 L oij
Variation w.r.t. g% & ol
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Expanding around FLRW background

Fluctuations around FLRW background:

5490 = g% 4 1.
SKuy = Kuy — Hhyu.
§Ruvoo = Ruvoo — 2(H* - x.-/fﬁ)hﬂ[”]h‘,],, + (H + H?)(hup6262 + (3perms)).

kinetic(2"? dot{ ¢ }?) & potential energy
® (th and Ist order in fluctuations: of the background scalar field

((0)) (1) W 1 ) ; 18 |
m) SO+ = [d*/=g |ZMZR - c(t)g°° - A(t)|.
(Terms such as 9°4°° kR can be absorbed into
the above terms by integration by parts)
[2H2 —
3MGH< = c(t) + A(¢),

HMZ = —c(t).

—
l:> > gt /f '\ g | | ‘f:r.if‘a + A "::7‘/-/-""' \ | ( _;HV\ 1 H )

)

"ariati ' e 00 Q- oij
Variation w.r.t. g% & ol
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Expanding around FLRW background

Fluctuations around FLRW background:

5490 = g% 4 1.
0Ky = Kuy — Hhyy,
§Ruvoo = Ruppo — 2(H= 4 ;.-/u?)h“[ﬂ]h‘,]‘, + (H + H?)(hup6262 4+ (3 perms)).

kinetic(g"? dot{ ¢ }?) & potential energy
of the background scalar field

® (th and Ist order in fluctuations:

k\u\}l‘_ / /1 ] \/_’/> (/) 00 /\(/)
> . =il a Ta/—10 ~Mp| £ C\t)4y )

(Terms such as 5°,°° k' R°° can be absorbed into
the above terms by integration by parts)
3MZH? = c(t) + A(t)
Pl ’ 7

HMZ = —c(t).

—
:> 2 b / \ ] VIg A 1'”!:"/-/-"" l’fir:l{' 3H = o H)

)

Tartati ' e 00 Q- oij
Variation w.r.t. g% & ol
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Expanding around FLRW background

Fluctuations around FLRW background:

§g90 = g% 4 1.
0Ky = Kuy — Hhyy,
8 Ruvpo = Ruvpo — 2(H? + k/a®)h,(hgy, + (H + H?)(hyupd983 + (3 perms)).

kinetic(g"? dot{ ¢ }?) & potential energy
® (th and 1st order in fluctuations: of the background scalar field

(O0)=4(1) -4 1 5 _ A ‘
:> IS INTEAL v ) — /;/'_1'\. q ---)'\/;.‘)_I/‘) (,(\/)” J /\(/) .

(Terms such as 9°4°° kR can be absorbed into
the above terms by integration by parts)
3MZH? = c(t) + A(t)
pl | 7

HMZ = —c(t).

—

)

"ariati ' e 00 Q- oij
Variation w.r.t. g% & ol
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Expanding around FLRW background

Fluctuations around FLRW background:

5490 = g% 4 1.
0Ky = Kuy — Hhyy,
8 Ruvpo = Ruvpo — 2(H? + k/a®)h,(,hgy, + (H + H?)(hyupd289 + (3 perms)).

kinetic(2"? dot{ ¢ }?) & potential energy
® (th and Ist order in fluctuations: of the background scalar field

W(O0)=4(1) = 34 - 1 : - 00 *
mp 5OOTW = [atey/=g | MR - c(t)g% - A(t)|.

Terms such as 5°,°° k. R°C can be absorbed into
.] !l
the above terms by integration by parts)
3MZH? = c(t) + A(t)
pl ‘ '/

HMZ = —c(t).

—
) 5O+ = [ d*zv/=g 1 VSR + M5 Hg V5 (3H* + H)

)

ariati ' e 00 Q- oij
Variation w.r.t. g% & ol
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Expanding around FLRW background 11

3 1 : .
S==/fTV—Ubk@ﬂﬁhMaHUyPO—A@Nﬂﬁﬂ)+[ﬂﬂ)

+F(2)+(3)+ ((5.‘}00. (5‘[\'luh (SRIH’MT; (58 Yuv, .’/IW' vi" t)] '

(- (2 L AN 2 1 A A\ 3

~(2)4+(3)+- :l Y (5400) 4 -{-ltlu--’

I —,2-\[_ (t)0g™") =+ _3!”_;,(!’)(‘./ )
+ SA3(1)8gO0 K + NB(DOKLKY + SA3(1)SKLKY + -

This is the most general action in unitary gauge (V¢(t, x) = 0),
which satisfies the time-dependent spatial diffeo. invariance.

Note, however, that time diffeo. :
t—t=t+ EO(;I'). x — a is broken.
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Expanding around FLRW background 11

b 1 " 2
S = / d*z\/—g Emg,ﬁ + M3 H(t)g%° — M3 (3H?(t) + H(t))

+F(2)+(3)+m ((5.‘}00. OK v, 0 Rpwpo, ‘SB‘ Yuv, g, Vi, t)] ;

T L s e IREN2 1 _ 4 /e 00\3
pETEIT = =M3(t) (09°°)" + M3 (t) (59°°)
Fa - 3
1 2 v . 1 w Sy -1/ ] 3 -y ril -
+ ~A1(t)dyg VoK + “N5(t)SKL K, + SA(E)OKEK) + -

This is the most general action in unitary gauge (V¢(t.x) = 0),
which satisfies the time-dependent spatial diffeo. invariance.

Note, however, that time diffeo. :
t —t=1t-+ EO(;I'). x — ax 1is broken.
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Stuckelberg trick

In order to (apparently) recover broken time diffeo. :

t —t=t+ %), z — &,
we introduce the Stuckelberg field 7, which corresponds
to the Goldstone boson and transforms as

m(z) — T(F(z)) = () — ().
:> t+ 7T (X) is invariant under this time diffeo.
We have only to make the following replacements :
f(t) — f(t +m),
00 — Ou(t + m) = 60(1 + 7) + 8,0,

LO(t 4+ m) o(t T . i
00 _; g (—.)—}—‘— ) -—(—_)+V— ) = (14 7)%¢°%° 4+ 21 + 7)g%oir + g7 0;m;m,
o&rr ox .

Nt + 7
ov 7 . (14 7)g% + g"o;m,

q m—
dxH

g
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Stuckelberg trick

In order to (apparently) recover broken time diffeo. :

t —-t=t+£&%02), r — z,
we introduce the Stuckelberg field 7, which corresponds
to the Goldstone boson and transforms as

. g I P G O¢..
m(x) — 7(Z(x)) = n(x) — £7(x).
I:> t+ 7T (X) 1s invariant under this time diffeo.
We have only to make the following replacements :

f(t) — f(t 4 ),
00 — u(t + m) = 60(1 + 7) + 8,09,

LO(t (¢t , _ ‘
g00 5 ghve G+ )t T ol (1 + 7)2g°° + 2(1 + 7)g% ;7 + ¢" 9;m0;m,

dxH axV
oL f(.) f + T - / J
g% — g (‘) . ) = (14 7)g% + ¢'“&;m,
ox
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Expanding around FLRW background 11

> : :
S = / d*z\/—g kmg,ﬁ + M3 H(t)g%° — M5 (3H?(t) + H(t))
+F(2)+(3)+"' (()'.(}OO. (5‘[\'!”,, rsR;w;m'; ‘SB- Y, .’/““- v;r- f)] ‘

M (3) 4 1 e 00\2 | N /< 00\3
pRITET = ZM3(t) (09°°)° + 5 M3(t) (69°°)
2 31
+ ZAT(1)6g 0K 4+ ZAS(t)dK K] + = \S(t)SKEK, + - --.

This is the most general action in unitary gauge (V¢(t.x) = 0),
which satisfies the time-dependent spatial diffeo. invariance.

Note, however, that time diffeo. :
t —t=t+ &%), @ —> @ is broken.
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Mixing terms

S = /44.;-\/_—,;{2,113'” - M3 [3/11’0 +7)+ H(t + n‘)]
+MZH(t + 7) [(1 4 7)%¢%° + 2(1 + 7)g%0;m + " 0;m0;7]
1 . “ 217 ¢ F
+2.-U§(1' + ) [(l + TT)Q_«}OO + 2(1 + Tr)_r;ori),:f + 97 ;n0;m + 1}

2

1 - 5 2 4 11 ¢ q 3
+3;M§(r + 7) {(1 + 7)29%° + 2(1 + 7)g% 7 + " 9w + 1] Lz } '
(71= 0 recovers the action in unitary gauge)

Mixing terms between 7T & g have fewer derivatives :

e.g MZH (14 7)%g% 5 MGH (-7 + 2759°°)
Canonical normalization . 2 1 2 . = OO
(re ~e Moy(—EYY 2, 6990 ~ My |:> — e —|— .7 / Hﬂ'(()(}(

The Goldstone boson 7T decouples from graviton g
. [ - 3
at the energy scale E >> Enix= € /2 H.

E >>Emix €= & <<1 (inflation)
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Mixing terms

S = /',;4.,-\/—_,;{;.113'” - M3 [3112(1 + 7))+ H(t + n‘)]
+MZH(t+ 7) [(1 + 7)2g% + 2(1 + 7)g% 0 + g/ 9;m0;7]
+;x1§(r +m) [(1 4 7)%9%° + 2(1 + 7)g% 0w + g O;m0;m + 1]

2
1. 4 . \2 .00 .\ Qi TP _ T, |
+5;M3(t + ) {(1 + 7)2g%0 + 2(1 + #)g% O7 + g 9w + 1] iy
(71= 0 recovers the action in unitary gauge)

Mixing terms between 7T & g have fewer derivatives :

e.g MZH (14 7)%g% 5 MGH (-7 + 2759°°)
Canonical normalization = 2 1 2 2 N OO
(e ~ My ”)1,2: n_:;f”" . -”nl"l)“] :> —'T['( —|— 26 / HW(OQ(

The Goldstone boson 7T decouples from graviton g

at the energy scale E >> Enix= € /2 H.

E >>Emix €= & <<1 (inflation)
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Mixing terms

S = ‘/}z“.f-\/—_,,{;u? R — M3, [31130 + )+ H(t + n)]
+MZ{H(t + ) [(1 + 7)2g%° + 2(1 + 7)g%0;m + g 9;m0;m|
; M3(t + ) [(1 + 7)%¢%° + 2(1 + #)g% o;w + ¢" 9707 + 1}3
3 ”3(’ + 7) {(1 + 7)2¢%° 4+ 2(1 + 7)g% o7 + gV om0 + 1]3 i } _

(71= 0 recovers the action in unitary gauge)

Mixing terms between T & g have fewer derivatives :

e.g MZH (14 7)%g%° 5 MGH (-7 + 2759°°)

Canonical normalization 2 1 2 OO
(e ~ _\lr;,|( “)1'2,7 ﬂ_qf”" ~ _\]“lnl)“] :> _7r _|_ 26 / HW( () q

The Goldstone boson 7T decouples from graviton g
T - 3
at the energy scale E >> Enix= € 2 H.

E >>Emix €= & <<1 (inflation)
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Mixing terms

S = ‘/}x“.,-\/—_g{;..u?n — M3 [3H?(t + m) + H(t + )|
+M2H(t + ) [(1 + 7)2g% + 2(1 + 7)g% 97 + ¢' ;70 n}
;uf,(r + 7) [(1 + 7)2g%° + 2(1 + #)g%' 97 + g 970, + 1}3
t= M (t+ ) (14 7)2g%° + 2(1 + 7)g%0;m + g 0,70 + 1]3 ¥ } .

(71= 0 recovers the action in unitary gauge)

Mixing terms between 7T & g have fewer derivatives :

e.g. MZH (14 7)%g% 5 MGH (-7 + 2759°°)

Canonical normalization 2 1 2 OO
(e ~ My ”)1,‘2: 5900 ~ -”|:I’1I)“] l:> _7r + 26 / H’rr( O g

The Goldstone boson 7T decouples from graviton g
at the energy scale E >> Enix= € 2 H.

E >>Emix €= & <<1 (inflation)
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